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I n t r o d u c t i o n  

The c a t a l y s t  most o f t e n  used  f o r  h y d r o d e s u l f u r i z a t i o n  (HDS) 
o f  petroleum f r a c t i o n s  are d e r i v e d  from o x i d e s  of Co and M o  
suppor ted  on y-A1203,  and t h e i r  s u r f a c e s  are s u l f i d e d  p r i o r  t o  
o p e r a t i o n .  S t r u c t u r e s  o f  t h e  o x i d i c  and s u l f i d i c  forms of  t h e  
c a t a l y s t  are incomple te ly  unders tood  and much d e b a t e d  (1-31, and 
s i n c e  t h e  a v a i l a b l e  s t r u c t u r a l  i n f o r m a t i o n  h a s  been d e r r v c d  from 
s t u d i e s  of  c a t a l y s t s  a t  c o n d i t i o n s  f a r  removed f r o m  t h o s e  of 
commercial o p e r a t i o n  (about  50-200 a t m  and 35O-32O0C), it i s  n o t  
c lear  how o p e r a t i n g  v a r i a b l e s  i n f l u e n c e  t h e  c a t a l y s t  s t r u c t u r e  
and a c t i v i t y  i n  p r a c t i c e .  

The h y d r o d e s u l f u r i z a t i o n  k i n e t i c s  d a t a  r e p o r t e d  h e r e  w e r e  
measured t o  c h a r a c t e r i z e  t h e  c a t a l y s t  o p e r a t i n g  a t  about  100 a t m  
and 300OC: t h e  r e a c t a n t  stream c o n t a i n e d  d ibenzoth iophene  (DBT) 
and hydrogen d i s s o l v e d  i n  n-hexadecane car r ie r  o i l .  The r e s u l t s  
p r o v i d e  t h e  f i r s t  ev idence  o f  s t r u c t u r a l  v a r i a t i o n s  i n  t h e  
Co-Mo/y-A1203.catalyst b rought  a b o u t  by changes  i n  the r e a c t i o n  
environment. 

Experimental  Methods 

The c a t a l y s t  used i n  a l l  exper iments  w a s  American Cyanamid 
HDS 16A having t h e  f o l l o w i n g  p r o p e r t i e s  ( p r i o r  to  s u l f i d i n g ) :  
s u r f a c e  a r e a ,  1 7 6  m2/g; pore  volume, 0.50 cm3/g; Co  c o n t e n t ,  4 . 4  
w t % ;  and Mo c o n t e n t ,  7 . 5  w t % .  A sample o f  1 0  mg of  c a t a l y s t  pow- 
d e r  (80-100 mesh p a r t i c l e s ,  demonst ra ted  e x p e r i m e n t a l l y  t o  be 
s m a l l  enough to  e n s u r e  t h e  l a c k  o f  i n t r a p a r t i c l e  d i f f u s i o n  resis- 
t a n c e )  was charged  t o  the r e a c t o r ,  and t h e  3 a t a l y s t  was s u l f i d e d  
a t  4OOOC f o r  2 h w i t h  a f low o f  a b o u t  4 0  c m  /min o f  10% H2S i n  H 2  
a t  a tmospheric  p r e s s u r e .  Fol lowing t h e  s u l f i d i n g ,  the f low of 
f e e d  l i q u i d  was s t a r t e d .  The f e e d  c o n t a i n e d  0.12 w t %  DBT ( A l d r i c h ,  
95% p u r i t y )  i n  n-hexadecane [Humphrey Chemical Co .  ( r e d i s t i l l e d ) ] ,  
and it was s a t u r a t e d  w i t h  H2 a t  68 a t m  and room t e m p e r a t u r e .  
O c c a s i o n a l l y ,  t h e  f e e d  was s a t u r a t e d  w i t h  H2S a t  v a r i o u s  p a r t i a l  
p r e s s u r e s  b e f o r e  it w a s  s a t u r a t e d  w i t h  H 2 .  Experiments  were 
c a r r i e d  out  w i t h  a f low reactor d e s c r i b e d  i n  d e t a i l  e l sewhere  (4). 
The r e a c t o r  o p e r a t e d  a t  3OOOC and 1 0 4  a t m .  Under a l l  r e a c t i o n  
c o n d i t i o n s ,  t h e  f r a c t i o n a l  c o n v e r s i o n  H2 was < 5 % ,  so t h e  H 2  con- 
c e n t r a t i o n  could  be  c o n s i d e r e d  t o  b e  v i r t u a l l y  c o n s t a n t  th roughout  
t h e  reactor. 
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Liquid  product  samples  were c o l l e c t e d  p e r i o d i c a l l y  (wi thout  
i n t e r r u p t i n g  t h e  r e a c t a n t  f low)  and a n a l y z e d  by g l c  ( 5 ) .  DBT 
and H 2  were conver ted  i n t o  b iphenyl  and H 2 S .  
mation,  t h e s e  w e r e  t h e  o n l y  p r o d u c t s  formed; t h e  d e t a i l e d  r e a c t i o n  
network i s  c o n s i d e r e d  s e p a r a t e l y  (6) .  

T o  a f i i?s t  approxi -  

R e s u l t s  

Some convers ion  d a t a  are p l o t t e d  i n  F i g .  1. They show t h a t  
t h e  i n i t i a l  convers ion  a t  a r e l a t i v e l y  h i g h  i n v e r s e  space  v e l o c i t y  
( p r o p o r t i o n a l  t o  r e a c t a n t - c a t a l y s t  c o n t a c t  t i m e )  i n c r e a s e d  a b o u t  
10% o v e r  t h e  f i r s t  10-20 h of o p e r a t i o n ,  f o l l o w i n g  by n e a r l y  con- 
s t a n t  c o n v e r s i o n  ( r e f e r r e d  t o  as " l i n e d - o u t  c o n v e r s i o n " )  for  
150 h o r  more. When t h e  l ined-out  c o n v e r s i o n  w a s  determined f o r  
v a r i o u s  s p a c e  veloci t ies ,  t h e  r e a c t i o n  w a s  found t o  be  pseudo- 
f i r s t - o r d e r  i n .  DBT (2 ) .  

caused by changes i n  t h e  f e e d  f low ra te .  A f t e r  t h e  f i r s t  s t e p  
change i n  f e e d  f low r a t e ,  t h e r e  w a s  a change i n  c o n v e r s i o n  
c h a r a c t e r i z e d  by  a t r a n s i e n t  p e r i o d  o f  some 50 h b e f o r e  t h e  catalyst 
achieved a n o t h e r  t i m e - i n v a r i e n t  a c t i v i t y .  A f t e r  a second change 
i n  space v e l o c i t y  a t  70 h onstream t i m e ,  g i v i n g  a g a i n  t h e  o r i g i n a l  
v a l u e ,  t h e r e  fol lowed a t r a n s i e n t  p e r i o d ,  a s  e x p e c t e d ,  b u t ,  s u r p r i s -  
i n g l y ,  t h e  c a t a l y s t  f a i l e d  t o  r e t u r n  t o  i t s  o r i g i n a l  l i n e d - o u t  
a c t i v i t y .  

F i g u r e  1 shows t h e  r e s u l t s  of  v a r i a t i o n s  i n  t h e  space  v e l o c i t y  

I n  f u r t h e r  exper iments ,  e a c h  begun w i t h  a f r e s h  c a t a l y s t  
c h a r g e ,  i n c r e a s i n g  c o n c e n t r a t i o n s  o f  H 2 S  w e r e  added to  t h e  feed .  
The d a t a  of  F ig .  2 show t h a t  a t  l o w  H 2 s  c o n c e n t r a t i o n s  [ ( H 2 S ) / ( H 2 )  
i n  t h e  f e e d  l i q u i d  - 0 .0151 ,  t h e  q u a l i t a t i v e  p a t t e r n  o f  changes 
mentioned above a g a i n  o c c u r r e d .  The c a t a l y s t  a c t i v i t y  i n  t h e  
presence  of  added H2S a t  each space  v e l o c i t y  appeared t o  be  less 
t h a n  t h a t  i n  t h e  absence  o f  added H 2 S ,  c o r r e s p o n d i n g  t o  t h e  w e l l -  
known i n h i b i t i o n  o f  r e a c t i o n  by H 2 S  (1, 5 ) .  When h i g h e r  f e e d  
c o n c e n t r a t i o n s  of  H z S  w e r e  used ,  t h e  t r a n s i e n t  p e r i o d s  o f  change 
i n  t h e  c a t a l y s t  a c t i v i t y  became s h o r t e r ;  when t h e  ( H z S ) / ( H  ) r a t i o  
i n  t h e  f e e d  was a s  g r e a t  a s  0 . 2 ,  t h e  t r a n s i e n t s  i n  c a t a l y s g  a c t i v -  
i t y  were v i r t u a l l y  e l i m i n a t e d .  

I n  summary, t h e s e  r e s u l t s  show t h a t  H 2 S  d o e s  more t h a n  j u s t  
i n h i b i t  t h e  HDS r e a c t i o n  by a d s o r b i n g  on c a t a l y t i c  s i tes  i n  com- 
p e t i t i o n  w i t h  DBT. W e  i n f e r  t h a t  when t h e  space  v e l o c i t y  was 
i n c r e a s e d ,  r e d u c i n g  t h e  c o n c e n t r a t i o n  o f  H2S produced i n  t h e  
r e a c t i o n  ( F i g s .  1 and 2 ) ,  s t r u c t u r a l  changes  took  p l a c e ,  reducing  
t h e  number of c a t a l y t i c  s i tes .  The presumed s o l i d - s t a t e  r e a c t i o n s  
were s l o w ,  i n  c o n t r a s t  t o  t h e  a d s o r p t i o n  o f  H 2 S  t h a t  caused  t h e  
i n h i b i t i o n  of r e a c t i o n .  The loss o f  c a t a l y t i c  s i tes  was o n l y  
p a r t i a l l y  r e v e r s e d  when t h e  c o n c e n t r a t i o n  o f  H 2 S  w a s  a g a i n  i n c r e a s e d  
by d e c r e a s i n g  t h e  space  v e l o c i t y .  But when H 2 s  was p r e s e n t  i n  t h e  
feed  i n  s u f f i c i e n t  amounts t h a t  t h e  H 2 S  c o n c e n t r a t i o n  remained 
n e a r l y  c o n s t a n t  th roughout  t h e  r e a c t o r ,  t h e n  t h e  c a t a l y s t  a c t i v i t y  
(and s t r u c t u r e )  d i d  n o t  change w i t h  space  v e l o c i t y ;  t h e  d a t a  t h e n  
i n d i c a t e  o n l y  t h e  s imple  c o m p e t i t i v e  h i b i t i o n  o f  r e a c t i o n  by H 2 S ,  
and there w a s  no h y s t e r e s i s .  
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The f o r e g o i n g  r e s u l t s  s u g g e s t  t h a t  there i s  a n  optimum con- 
c e n t r a t i o n  o f  H2S [ o r  p e r h a p s  a (H2S):(H2) r a t i o ]  c o r r e s p o n d i n g  
t o  a c a t a l y s t  s t r u c t u r e  which h a s  a maximum HDS a c t i v i t y .  Experi-  
ments  were c a r r i e d  o u t  t o  t e s t  t h i s  s u g g e s t i o n .  I n  one  series, 
c a t a l y s t  were brought  on s t r e a m  w i t h  i n i t i a l l y  l o w  s p a c e  v e l o c i t i e s ,  
p roducing  i n i t i a l l y  h i g h  ac t iv i t i e s ;  t h e  exper iments  w e r e  done w i t h  
v a r i o u s  f e e d  HzS c o n c e n t r a t i o n s .  The p s e u d o - f i r s t - o r d e r  ra te  con- 
s t a n t s  (determined from l i n e a r  s e m i l o g a r i t h m i c  p l o t s  o f  f r a c t i o n  
unconverted v s .  i n v e r s e  space  v e l o c i t y )  a r e  r e p r e s e n t e d  by c u r v e  B 
i n  F i g .  3; t h e y  i n d i c a t e  t ha t  i n  these exper iments  t h e  H2S was 
s imply  a r e a c t i o n  i n h i b i t o r .  

I n  t h e  complementary series o f  e x p e r i m e n t s ,  each  new c a t a l y s t  
c h a r g e  was brought  on stream a t  a h i g h  space  v e l o c i t y  and,  c o r r e -  
spoi idingly,  w i t h  a r e l a t i v e l y  l o w  c o n v e r s i o n  and a l o w  H2S concen- 
t r a t i o n ;  H2S c o n c e n t r a t i o n  i n  t h e  f e e d  w a s  v a r i e d  s y s t e m a t i c a l l y .  
The rate c o n s t a n t s  s c a t t e r  around c u r v e  A i n  F i g .  3. These r e s u l t s  
c o n f i r m  t h a t  i n c r e a s i n g  t h e  H2S c o n c e n t r a t i o n  i n c r e a s e d  t h e  a c t i v -  
i t y  of t h e  c a t a l y s t  when it w a s  b r o u g h t  on stream i n  such  a way 
t h a t  i t s  i n i t i a l  a c t i v i t y  w a s  r e l a t i v e l y  low. 

The i m p o r t a n t  c o n c l u s i o n  i s  t h a t  t h e  c a t a l y s t  a c h i e v e s  a 
l i n e d - o u t  a c t i v i t y  which i s  dependent  on  t h e  reactor s t a r t u p  
procedure  (and probably  on t h e  p r e s u l f i d i n g  procedure  as  w e l l ) .  
T h i s  c o n c l u s i o n  may be  i m p o r t a n t  t o  t h e  technology o f  HDS, and w e  
s u g g e s t  t h a t  t h e  i n d u s t r i a l  a r t  may i n c l u d e  t h e  a p p l i c a t i o n  o f  
p r e s u l f i d i n g  and reactor s t a r t u p  p r o c e d u r e s  which maximize t h e  
c a t a l y s t  a c t i v i t y ;  t h e  optimum s t a r t u p  would e n s u r e  t h a t  some 
H2S c o n t a c t e d  t h e  c a t a l y s t  i n i t i a l l y .  

Discuss ion  

The observed changes i n  c a t a l y t i c  a c t i v i t y  and,  by i n f e r e n c e ,  
c a t a l y s t  s t r u c t u r e ,  are s u g g e s t i v e  of F a r r a g h e r ' s  (7) o b s e r v a t i o n s  
o f  t h e  a c t i v i t y  o f  Ni-W/y-A1203 c a t a l y s t  f o r  benzene hydrogenat ion .  
F a r r a g h e r  p r e s e n t e d  e v i d e n c e  o f  h y s t e r e s i s  e f f e c t s  s i m i l a r  t o  t h o s e  
r e p o r t e d  h e r e ,  b u t  caused  by t e m p e r a t u r e  v a r i a t i o n s ;  he  e x p l a i n e d  
t h e  r e s u l t s  i n  t e r m s  o f  s o l i d - s t a t e  r e a c t i o n s  i n f l u e n c i n g  c a t a l y s t  
s t r u c t u r e  and a c t i v i t y .  The s u g g e s t e d  r e a c t i o n s  w e r e  t h e  fo l lowing:  

(1 1 

(2) 

3Vs + NijS2 + 2H2 2 3Ni + 2H2S 
2W4+ + N i s  2 2W3+ + N i s  2+ 

The former r e a c t i o n  i n v o l v e s  c o n v e r s i o n  o f  N i  from b u l k  N i  S on 
t h e  ca t a lys t ;  it becomes i n t e r c a l a t e d  i n  i n t e r s t i t i a l  o c t a z e i r a l  
holes a t  t h e  s u r f a c e  o f  WS2 c r y s t a l l i t e s  on t h e  c a t a l y s t  s u r f a c e .  
The l a t t e r  r e a c t i o n  i s  b e l i e v e d  t o  produce W3+ i o n s  a t  t h e  s u r f a c e ,  
which Voorhoeve e t  a l .  (E,?)  have c h a r a c t e r i z e d  by esr and i d e n t i -  
f i e d  as t h e  c a t a F t z  sices f o r  benzene hydrogenat ion .  F a r r a g h e r  
showed t h a t  b o t h  t h e  r a t e  c o n s  a n t  f o r  benzene hydrogenat ion  and 
t h e  esr s i g n a l  i n d i c a t i v e  o f  W5+ w e r e  dependent  on t h e  PH2s/PH 

2 
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ratio in a way that is consistent with the catalyst stoichiometry 
suggested in Eqs. (1) and (2). 

There is much evidence (1, 11) [but not a consensus (2, 3)] 
supporting the view that the Co-=/y-A120 catalyst is similar-to 
the Ni-W/y-A1203 catalyst, consisting of MoS2 and Cogs8 on the 
A1203 surface, and esr evidence supports the idea that the catal- 
ytic sites are M03+ ions intercalated at the edges of the MoS2 
crystallites (1, z, 12). 
intercalation model for the Co-Mo catalyst, we suggest the 
following speculative interpretation of the structural changes 
in the catalyst brought about by changes in the reaction environ- 
ment. The fully active catalyst ' s  supposed to consist of MoS2 
crystallites intercalated with Co3+ ions, and H2S can bond to the 
surface at anion vacancies in competition with DBT, causing inhi- 
bition of the HDS reaction. When only little H2S is present, 
however, intercalated MoS2 may be converted into a sulfur-deficient 
layer structure which may lack catalytic activity. We speculate 
that CoMo S4 may be the sulfur-deficient structure, since it is 
known to lack HDS activity and to have the layer structure shown 
in Fig. 4 (10). Here both Co2+ and M03+ ions are octahedrally 
surrounded E S2- ions, whereas in MoS2 the surrounding is 
trigonal prismatic. 

Following Farragher, and assuming the validity of the edge 

It is important that CoMo2Sq meets the criterion of having 
a lower sulfur content than the presumed catalyst, Co-intercalated 
MoS2; to explain the observed intermediate activities, we suggest 
that the catalyst may consist of a range of intermediate structures 
which could be interconverted by local redistributions of Co and 
Mo ions accompanied by changes in the Mo-S surrounding. 

An explicit suggestion is the epitaxial structure shown in 
Fig. 5. This structure accounts for the observed promotion by Co 
at higher Co/Mo ratios than can be accounted for by the edge inter- 
culation model (=). It might be expected to undergo changes 
analogous to those postulated by Farragher for the Ni-W catalyst: 

9Vs + Cogs8 + 16H2 2 9Co + 8H2S (3) 

( 4 )  
2+ 2 ~ ~ ~ +  + cos : 2 ~ ~ ~ +  +- cos 

This model is consistent with the experimental evidence, but 
it is rough and speculative and in need of experimental evaluation. 
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Notation 

3 & pseudo-first-order rate cons t an t ,  c m  / h a g  of ca ta lys t  

P p a r t i a l  pressure  

Vs i n t e r s t i t i a l  octahedral ho le  i n  a l aye r  s t r u c t u r e  
l i k e  MoS2 
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120 I I 

Curve B 

Figure 3 .  Effec ts  of H S On c a t a l y s t  a c t i v i t y  f o r  HDS of DBT a t  t h e  reaction condi t ions  given 
in t h e  c a p t i e n  of Pig. 1. 

The points on curve A represent  conversion e a s u r e d  a t  various space velocities ma 
with varluus feed 15 s)/(n 1 r a t 1  s f o r  c a t a l y s t  which ha6 previously l ined  O u t  a t  
hioh space v e l o c i t f e a  17002750 cng/h.q of c a t a l y s t ) .  
c a t a l y s t  r;hich line3 Out a t  high space v e l o c i t i e s  was sulfur d e f l e i s n t  and r e l a t i v e l y  
inac t ive ,  becorinq nore a c t i v e  on addi t ion  of H2S, as discussed in t h e  t e x t .  

The p a i n t s  on curve B reTre len t  Conversion nzasured a t  various feed (HzSl/(H2) ra t io .  
for c a t a l y s t  which had previocs ly  l i n e d  Out a t  1w.r space Velocitie. 190-100 sn2/h.g 
of c a t a l y s t ) .  

These r e s u l t s  .how t h a t  the 

These r e s u l t s  i n d i c a t e  competit ive inh ib i t ion  of reac t ion  t y  H p .  

Figure 4 .  Model of the  Bulfided Co-no/y-Al 0 c a t a l y s t ,  repre- 
.e t i n 9  l a y e r s  of Co 5 
co?+ a t  the c r y s t a l  % d b s .  

and HoS2zir?tercalatsd with 
11.u.. 5 .  m.p*cun ,.,, 0. 0, ,no I . P .  .t.ysturo Of COLI ',> ,* ..=,"., .truc,uro I. d1.t.rt.n. .. .no"" d "." 6on ldlS 1 g .  
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